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INTRODUCTION

Coaxial cable is presently the most effective means of transmitting
electrical signals over great distances underwater. Such cable is also
capable of carrying significant amounts of electrical power on the same
conductors. In various forms it is used as the trunk line for major
military seafloor installations as well as for commercial telecommuni-
cations networks. Coaxial cables also are the heart of several develop-
mental systems for acoustic research, deep ocean work systems, and
seafloor installations.

Cable connectors in general can add great flexibility in design,
installation, operation, and maintenance of various systems. Under-
water-mateable (wet) connectors can increase ocean system effectiveness
even further; but to keep the low-loss, low-noise properties of coaxial
systems intact, the connectors must also be coaxial and must be
impedance-matched.

To provide the technology necessary to make wet coaxial connec-
tors a viable option for system design, CEL, under the sponsorship of
the Deep Ocean Technology Program administered by the Naval Facilities
Engineering Command, began the development of a coaxial wet connector
in July 1974. SD cable (described in Reference 1 and shown in Fig-
ure 1) was chosen as the host cable system because it is an important
existing cable and combines most of the difficult cable features that may
be encountered in designing a wet connector: stringent coaxial con-
struction tolerances; high voltage transmission of DC power (corona
noise); polyethylene dielectric (poor bonding flexibility); center
strength member (difficult to terminate); and bulky, stiff cable con-
struction (difficult to handle during connector mating). Development of
this connector provides a firm base for extension of technology to
future connector/cable design problems.

Early efforts in wet connector development (Ref 2) had shown that
high-voltage systems could be successfully mated underwater, and this
work provided the technical design approach for the coaxial work.
During the coaxial program, four connector models were built and
tested. A wide variety of connector features were investigated, and
considerable insight was gained into just what will and will not work in
underwater cable applications. This report summarizes the development
of the coaxial connector; provides design guidelines for extension of the
design to production model SD connectors, smaller coaxial connectors,
and other items; and also covers some of the useful test methods and
techniques developed in the program.
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Figure 1. End view of SD list 1 cable.

In addition, a discussion of the applicability of these coaxial wet
connectors to ocean facilities and other systems is provided. A discus-
sion of the history, state-of-the-art, and general design principles of
wet connectors for various other applications is included as Appen-
dix A.

PERFORMANCE OBJECTIVES

The Navy's Deep Ocean Technology Program (DOT) provides broad
scope technology developments to improve the Navy's ability to perform
its undersea missions. CEL established the performance requirements
for the coaxial wet connector on the premise that an in-line connector
should be electrically and mechanically as nearly like the cable it serves
as possible. Of course a connector will never be truly identical to
the cable, especially mechanically. In some cases this is just as well




because the connector can provide some features that are better than
those of an uninterrupted cable (such as a waterblock point, an electri-
cal test point, a swivel strain relief, a fail-safe shear point, an attach-
ment point for hardware, or a grab point for handling equipment).
From these considerations, the performance objectives of Table 1 were
selected for the coaxial wet connector. Figure 1 and Reference 1 also
describe SD list 1 cable specifications.*

Table 1. Performance Objectives for CEL-3 Series
Coaxial Wet Connectors

Characteristic Performance Objective
Voltage 6,000 volts DC continuous, corona-free
Current Conductor cross section to be equal to SD cable

(approximately no. 4AWG) even though most SD systems
carry only about 0.5 amperes

Impedance 44 ohms characteristic impedance (Zo) with mismatch
within cable manufacturing tolerancés (0.7%)

Mechanical 18,000 1b breaking strength in tension

Strength 16,000 1b breaking strength over sheaves
10,000 1b before electrical damage over sheaves

Material No chemical or corrosive mismatch with cable materials

Compatibility | or cable termination materials

Life 10 to 20 years in place on the seafloor with a total
of 30 wet matings without maintenance

Handling Compatible with SD cable handling systems (sheaves,
cable engines, etc.)

Depth All ocean depths to 20,000 feet

Mating Mateable by divers, submersible manipulators, or

other special actuators.

*The first major application of the connector will probably be by the
Canadian telecommunications company Teleglobe Canada, which intends
using the CEL designed connector in repair of deep-water cable dam-
age to eliminate the insertion of excessive slack. If carried to comple-
tion, this will be the first major change in at-sea cable repair pro-
cedures in more than 100 years. Although the specifications for the
connector were selected nearly 5 years ago, Teleglobe indicates that
only minor design changes will be required to interface with their
cable and meet their needs precisely.




DESIGN

Approach

The Jesign approach was based on previous experience in connec-
tor development, as well as cable and environmental constraints.

1. The experience gained with the high-power wet connector
(Ref 2) indicated that the best wet-mateable connector to handle 6,000
volts DC would be one using an oil-filled system with a wiping O-ring
seal and piston.

2. The requirement for low-loss, high-quality signal transmission
meant keeping the conductors coaxial throughout the connectors.

3. Because the cable was very stiff, it became desirable to have
no rotational constraints within the connector (mating in any rotational
alignment and swivelling).

4. The connector diameter was to be as small as possible but
large enough to be handled by submersible manipulators.

5. To allow use of the connector in a wide variety of applications,
the outer conductor was also insulated from seawater.¥

6. In order to provide good interface with existing SD cable
systems, it was decided to use the standard SD molded cable termina-
tions during the connector development program (while these termina-
tions are not optimum for this application, they proved satisfactory for
the tests).

7. The requirement for dependable, low-loss contact diciated the
selection of Multilam (Ref 3) louvered contact bands in an overlapping
configuration. This contact selection, in combination with the use of
the O-ring-and-piston design, suggested transferring the strength to
the outer conductor at the termination and then to an outer shell on the
connector halves so that the latch system could be independent of the
electrical sealing and contact mechanisms.

8. The objective of long life led directly to use of the oil-filled
pressure-~-compensated design and also made it necessary to minimize any
possible corrosion effects by using nearly inert metals such as titanium
or gold-plated beryllium copper where possible and plastics for most
other parts.

9. The flexible compensators and seals had to be compatible with
both the dielectric fluid and the external seawater.

10. Since the connectors were also subject to being installed or
otherwise implanted while already mated, it was necessary to ensure
that the connectors could not be accidentally unmated during these
operations.

*This is not required in many existing SD cable systems.




Constraints Derived

When the performance objectives and the design philosophy were
combined with operational data on the SD cable system and the most
probable mating wvehicles, it was possible to derive an additional list of
detailed design constraints. Although this list appears to be very
restrictive, the experience gained during this program has shown that
much flexibility in the final design selection is possible and that the
various components ultimately chosen to make up the connector can be
recombined in several ways to suit other applications as they may arise:

1. The exXxisting terminations have an OD of 5 inches. For
handling over sheaves and for manipulator operations, it is best if the
connector has a similar OD.

2. The existing terminations have no flexural strain relief for the
cable, so the connector must add one.

3. Manipulator grip points must be at least 12 to 18 inches apart
or the wrists will interfere with each other.

4. Manipulators can only align and translate connectors very
crudely; off-axis rotations to mate are nearly impossible.

5. Manipulator squeeze force is limited to about 300 pounds with
grip opening of about 4 inches (typical of SEACLIFF/TURTLE and other
remote vehicles).

6. Maximum connector weight is 150 to 200 pounds.
7. Maximum mating force is 150 to 200 pounds.
8. Corona-free internal design allows no sharp edges.

9. Impedance matching requires conductor dimension changes for
the various interfaces (e.g., between oil dielectric and plastic struc-
tural members).

10. In a coaxial design with the outer conductor insulated, any
spaces formed between moving seals must be pressure-compensated (but
electrically insulated), or the connectors cannot be unmated at depth
because of possible hydraulic locks.

11. Since most seafloor cables are unavoidably laid with tension of
up to 10,000 pounds in some locations, the connector must be capable of
unmating under these loads.

Evolution From 1974

Several studies and tests were performed on bare SD cable and
electrical contact mockups to determine if a wet mating of SD was feasi-
ble. The early results were very promising and led to a full-sized
connector model.




CEL-3. The first coaxial wet connector built (CEL-3)* was a
complete embodiment of the working features of the design. Several
materials were not compatible with seawater and most of the internal
plumbing was artificially complicated to allow various approaches in the
development and testing of the connector. A crude model of just the
electrical portion of the connector had demonstrated that the device
could be mated wet and still provide proper insulation resistance.
Thus, CEL-3 was intended to be a first experimental demonstration of
the full assembly of mechanical and electrical functions. The CEL-3 was
successfully mated several times at pressure and was mated in air by a
submersible with manipulators to demonstrate basic handling capability.

CEL-3A. The CEL-3 model was electrically successful but was
mechanically somewhat limited by the complicated internal hydraulics
used in the latch and core piston movement systems (described in
Reference 4). An improved model suitable for ocean testing (CEL-3A)
was built. This version was also fully successful electrically and was
mechanically much improved, but the unmating hydraulic squeeze-ring
system was still too complex and not fully compatible with the manipu-
lator systems available.

A special termination was also built for this application. It failed
after 1 year because of an assembly error but has been repaired and
modified for field installation. It is still in service.

While the next design (CEL-3B) was being tested, a need arose for
use of the CEL-3A to connect SD cable to a seafloor test facility for an
ocean current measurement system being developed at CEL. This was
to be diver-mateable in 75 feet of water and to last more than 2 years.
The CEL-3A was modified to incorporate a spring-return system for the
piston and to allow simple diver operation of the latches. The connec-
tor is now continuing in service at 440 volts AC.

CEL-3B. A contract was let for redesign and fabrication of a
long-life prototype model. Using a new CEL concept for a spring-
return piston, the contractor produced a greatly simplified prototype
design, which used somewhat larger, sturdier mechanical elements.
This CEL-3B passed all electrical and mechanical tests and fully demon-
strated — at the prototype level — the reality of a wet-mateable coaxial
connector for SD cable applications.

The as-built CEL-3B design will be used in the discussion of the
operating principles of the connector.

CEL-3C. An even simpler, smaller version of the connector
(CEL-3C) has been designed and is suitable for applications not requir-
ing insulation for the outer conductor. In addition, a somewhat refined
version of the basic unit incorporates minor improvements suggested by
the test programs on the CEL-3A and -3B.

*Intended for laboratory use only.




Future. A summary of the various techniques and mechanisms
studied during the program but not ultimately incorporated in the
prototype are included in the APPLICATIONS section of this report
because they would be useful in adapting the design to other applica-
tions of the basic wet connector technology.

PROTOTYPE DEVELOPMENT

Figure 2 shows the CEL-3B connector mated and unmated. Fig-
ure 3 is a cross section and is presented in color to clarify the bound-
aries of the various fluid and solid components. The five main subsys-
tems of the connector are described as follows:

1. Core section, with the shuttle piston (1)*¥, O-ring wiping
seal (2), and center conductor segment with its two electrical contacts
(3). This is the heart of the connector since it provides the basic
elements of electrical continuity for the center conductor and high-
resistance, corona-free insulation of that center conductor from the
outer conductor and ground.

2. Outer conductor contact (4) and insulating seal (5), with the
associated venting and pressure-compensation system (6). This subsys-
tem provides the same features as the core section (continuity and
insulation) for the outer conductor but must also compensate the volume
§ ~1 between the wiping O-ring and outer conductor insulating seal
to prevent hydraulic lock during mating and unmating. The subsystem
is essential if the outer conductor is to carry more than shield
currents. The subsystem is also an essential safety element if divers
are to handle the connector.

3. Latching system, including the main housings (7,8), latches
(9), sliding collar (10) with detent (11), and guide cone (12) to assist
in alignment. This subsystem supports and encloses the electrical
portions of the unit. It carries the mechanical strength of the cable
when needed and provides the interface with the mating vehicle or
diver to allow handling of the cable and connectors.

4. Pressure-compensation systems. In addition to the special
seawater venting system for the interseal space (6), there must be a
system to pressure-compensate the internal part of the female half and
to allow for the change in volume caused by insertion of the male pin
(13) during mating. In the CEL-3 series this function is incorporated
in the termination subsystem. The boot (14), which provides continuity
of the outer conductor insulation (jacket), also pressure-balances the
oil used to fill both the male and female halves. If new terminations
were used so that jacket were over-molded, the male half might not
need to be oil-filled at all; the female will stil need compensation
because its fundamental operation depends on it.

#Numerals in parentheses refer to circled numbers in Figure 3.
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Figure 2. CEL coaxial wet connector.




5. Terminations, including the strength transition from center
conductor to outer conductor (15,16), interface with connector conduc-
tors, interface with connector dielectrics, water/oil blocks, interface
with housings, and cable bending/flexural strain reliefs (17).

CABLE TERMINATION

In many ways, the design of a mating pair of connectors is a
simple exercise compared to the problem of terminating the cable to fit
the connectors. Only rarely is a connector required to mate with
anything other than its precisely designed and fabricated opposite half.
The termination, on the other hand, is often required to accommodate a
variety of cables, produced by differing sources, and must adapt to a
group of components designed to be linear and continuous. Nearly all
of the mechanical loads applied to connectors, especially when mated,
must be transferred first through the termination. Unlike the connec-
tor faces, which can be rigidly locked together, the termination must
tolerate and gently absorb flexural, tensile, and torsional loads, both
static and cyclic. To succeed, the termination must be a graduated
system, carefully distributing both electrical and mechanical stresses
along the transitions from the linear electrical and mechanical conduc-
tors to the generally transverse rigid members of the connector half.
It must provide tough, tolerant seals between the essentially rigid
portions of the connector and the pliable and geometrically complex
shapes of the cable members.

The termination section of a cable/connector system is a very
complex device and cannot be treated lightly. While it is true that the
elements of a series system are equally important, in practice many
more "connectors" fail in the termination areas than in the cable and
connector areas combined. The termination is therefore the -critical
element of most cable systems. Much is known about the general prin-
ciples which must be applied to produce a successful termination, but
considerable risk is always taken in applying these guidelines to any
specific cable/connector combination or to any new cable design. Each
situation presents its own unique problems. The very stringent
requirements of the SD cable present a classic example of such unique-
ness.

Fortunately however, Bell Telephone and Western Electric have,
over the past years, developed a successful termination for SD list 1
cable. While the termination was, of course, not ideally suited to the
connector application, it only required slight modification to serve
adequately during the development program. With input from models
built at CEL and other recent developments in hardware for SD cable,
it would be a comparatively straightforward process to design a refined
version of the termination to reduce diameter, save weight, lower cost,
add strain-relief, and, in general, integrate the termination more
smoothly with the connector. This step would be necessary before any
large numbers of operational connectors would be produced or in those
instances where connector size must be minimized. The termination is
presently the largest part of the connector system.

11




Basic Bell Telephone Type 8E Termination

The terminations used at CEL were modified Bell Telephone type 8E
molded terminations. These standard terminations have been used in
both commercial and military systems for many years. As shown in
Figure 4, these molded terminations anchor the center strength member
with epoxy and transfer strength to an outer conductor cone housing.
Reference 1 describes how the termination is then normally attached to
a 500-pound electronic repeater housing by a flexible gimballed socket.
The coaxial configuration is stopped here, and the center conductor is
sent via a single-pin penetrator into the electronics housing. In that
sense, because the conductors are hooked directly to electronic cir-
cuitry, which is tuned and impendance-matched, the termination truly
"terminates"” or ends the cable electrically. The power is partially
consumed by each repeater "load,”" and the signal is processed and
essentially created anew to begin transmission on the next cable leg.
Considerable mechanical alteration is also made to allow the flexure
needed when handling the large heavy repeaters during storage and
during launch or recovery over sheaves and chutes. References 1 and
5 present two other versions of this molded termination.

CEL Modification

To use the 8E with a connector, the anchor molding assembly was
cut off at the section shown in Figure 4, and the cone housing cap and
all other hardware were eliminated (see Figure 5). Inner and outer
conductors could then be threaded directly onto the termination. With
the addition of an insulating pressure-compensating boot over the
termination outer conductor and a flexural strain relief, the interface
between connector and termination was complete.

The only function which the resultant termination did not provide
was a water block of the outer conductor. In practice, it turned out
that the leakage, if any, was insignificant because of the pressure-
balanced design of the connector and the complicated, restricted path
through the outer conductor restoration Techniques for providing a
firm waterblock have been used with some success in other SD termina-
tions and are under further development at CEL (Ref 6). Further
information on gland seal terminations for SD cable may be found in
References 7 and 8.

MATING SEQUENCE
The relationships and cooperative nature of the connector subsys-

tems can be understood better by following the mating, operation, and
unmating of the connector as described in the next sections.

12
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Figure 4. Bell Telephone type 8E termination for SD list 1 cable modified
for use with experimental coaxial wet connector.

Figure 5. Modified type 8E termination for use with CEL-3 series
coaxial wet connectors,
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Preparation

Figure 6 shows the mating sequence. With the connector halves
unmated, the shuttle piston in the female half is held fully forward
through the wiping O-ring seal by the piston spring (18). Thus, the
center conductor (15) is open-circuited because the portion in the
center of the piston is not touching the main center conductor. The
plastic rod (19) keeps these portions aligned. The connector is there-
fore "dead-faced"; i.e., the center conductor of the cable is fully
insulated from seawater. Tne outer conductor, however, is in contact
with seawater and therefore effectively grounded. The core front
bulkhead (20) is sealed to both the shuttle piston and the inner surface
of the outer conductor so the dielectric oil in the female cannot leak out
nor can seawater leak in. The outer housing of the female has no
moving parts. It is made up of the outer shell with its raised latch
ring (21) and the insulating portions of the housing. The materials
used in all these parts are listed in Appendix B.

In the male half of the connector the latch collar (10) is held
forward by the collar spring (22), and the latches are held in the
latched position by their springs (23). The small detent is spring-
loaded down over the detent ridge (24) so the latch collar cannot be
pulled back unless the detent cover plate (25) is depressed at the same
time the collar is pulled back. The interseal venting compensator (6) is
in a neutral position. When unmated and underwater, the compensator
will naturally flood with seawater. If the connectors are to be mated in
air and then submerged, this compensator must be filled with some
essentially incompressible fluid to prevent collapse of the compensator
during descent because entrapped air compresses. Use of a dielectric
oil would be ideal and would also improve the life of the outer contacts.

During installation or handling, the connectors usually would have
expendable caps to prevent damage to the faces. These would be
pulled off just prior to mating. The connectors are not affected by
fine-grained contamination, such as silt or sand, but will not fully mate
if large-grained (>1/8-in.-diam) sand, gravel, or shells are caught
between the faces.

Alignment

The connectors are gripped by any appropriate system (divers or
manipulators) at any desired position on the housings except that the
female may not be gripped forward of the termination because the male
housing overrides this part during mating. The best grip points are
the grooves or flats (26) provided in the strain-relief areas behind the
terminations.

The connectors are brought into basic alignment with the female
housing starting into the male guide cone (Figure 6a). The connector
axes may be misaligned up to 20 degrees and laterally displaced by up
to 2 inches when first insertion is made. Note that because of the
stiffness of SD cable, this type must be slack to perform the alignment.

14
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After the connectors are brought together another 4 to 5 inches,
the cone will have reduced lateral displacement to less than about
1/16 inch, and axial misalignment will be down to about 5 degrees or
less. Seawater flows out around the female housing and through the
small vent holes (27). The male latches are free to lift up as the
female housing passes by or is moved off-center against them. Figure
6b shows the alignment completed, with the connectors ready for mat-
ing. Up to this point the (. ly forces required of the handling system
are those needed to support the weight of the connectors (about 12
pounds for each half in water) and to move the cable (0.3 lb/ft plus
bending forces, typically less than about 30 pounds total). This over-
all total is well within the handling capabilities of most manipulators.

Mating

The first step in mating the connectors occurs when the center
conductor of the male pin makes contact with the socket in the center
of the shuttle piston. Using the Multilam contact band (3,4) allows
good contact with very small insertion force so the shuttle piston spring
is easily biased to keep the piston from moving during this insertion.
A pre-load on the spring of only 2 to 3 pounds is sufficient. With the
pin against the face of the piston, the pin forms an essentially contin-
uous rod through the wiping O-ring seal. The edges of the pin and
piston faces are Kkept fairly sharp, and the diameters are kept identical
within #0.002 inch. Some seawater is trapped within the center conduc-
tor contact area, and a thin film is left on the piston/pin interface.

As mating continues, the piston is pushed back into the female,
and the male pin slides through the wiping O-ring seal as in Figure 6c.
This process is the primary method of excluding seawater from the
interior of the female and producing an insulated path between the
inner and outer conductors. Note that it is a surface on the male pin
that is of concern here, since at voltages of interest (6,000 volts DC)
it is primarily a surface breakdown phenomenon that limits the insula-
tion capability, not the thickness of dielectric. Tests have shown that
at least 1/2 inch of clean, oil-wetted path length is required to handle
6,000 volts DC without corona. In this design, the length is 1-1/2
inches to improve reliability. Each inch of path length effectively adds
2 inches to the overall connector length because of the spring stroke
ratio requirements, but this effect is trivial compared to other elements
in the makeup of the overall connector. The O-ring itself forms a
rather effective insulated path which will hold a few hundred wvolts,
even with seawater on both sides. This O-ring in service, however, is
easily nicked or scored by contaminants. While this does not cause
enough leakage in a pressure-balanced system to impair connector
performance, it does mean the O-ring cannot be depended on for pri-
mary insulation. Mating force begins to increase here as first the
pre-load of the spring, then the static friction of the O-ring, then the
increasing load are overcome as the spring is compressed. At the fully
mated position, this force is about 15 to 20 pounds. As the male pin
enters, oil is forced back through the connector interior and into the
compensator/boot.




The next step in mating occurs when the outer conductor seal (5)
engages. In CEL-3B this is simply a thick O-ring, which insulated the
outer conductor to 600 volts with better than 100 MQ. As this seal
engages, seawater is trapped in the space between the outer seal and
the main O-ring wiping seal (5,2). Seawater is forced back along
grooves in the solid dielectric that forms the male pin and into the
venting reservoir (6). Figure 6d shows this action. Note that
although this leaves the outer conductor immersed in seawater, the
seawater is insulated from the surrounding seawater by the outer seal
and the housing and reservoir of the male half. Mating forces must
increase by about 10 to 15 pounds to engage the outer seal and Keep it
moving while forcing the seawater into the venting reservoir.

During the final 1/2 inch of the mating stroke, three things hap-
pen simultaneously: (1) the center conductor in the shuttle piston
makes contact with the center conductor of the female half to complete
continuity of the center conductor; (2) the outer conductors make
contact (again using a Multilam band); and (3) the latches ride over
the ridge on the female housing (Figure 6e), snapping down into place
to complete the mating. The final configuration is shown in Figure 3.

OPERATION WHILE MATED

The primary function of an electrical connector is to provide both
electrical continuity and insulation for the conductors. Insulation must
be both between conductors and between conductors and ground. In
addition to the primary function, the connectors usually must provide
some transfer of mechanical strength, especially if they serve as an
in-line member of a cable system.

Electrical Operation

Figure 7 shows the primary electrical paths in the coaxial wet
connector. In a coaxial configuration the signals are carried mostly on
the surfaces of the conductors, while the power (DC or low-frequency
AC) is carried throughout the conductor cross section. In a coaxial
configuration the inner and outer conductors serve as waveguides, with
the dielectric insulation between them serving as the medium of propa-
gation for the electromagnetic waves. Ideally, the connector will appear
electrically identical to the cable itself to eliminate any discontinuity in
the cable impendance that could produce reflected signals or insertion
losses, both of which can severely degrade high-quality transmission
systems using SD cable. For design purposes, the impedance of coaxial
cable may be shown by the expression

R
z, = é(—’m(il)
Yk 2
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where Z is the characteristic impendance (44 ohms for SD cable), Kk is
the dielectric constant of the insulation material between the conductors
(dimensionless), R, is the inner radius of the outer conductor, and R2
is the outer radiug of the inner conductor. For SD cable, k is 2.28¢
R1 is 1.000 in., and R, is 0.330 in. In designing and operating the
connector, it is therefox% important to ensure that the proper combina-
tion of conductor dimensions and dielectric properties are maintained
throughout the length of the terminations and connector. For most SD
systems the mismatch must be less than 1%. Commercial termination
mismatch is abou: 4% because of the flare on the center conductor.
This taper was designed primarily to meet mechanical requirements.
Note that minor variations such as the presence of a thin film of sea-
water between the inner and outer conductor seals and the channels of
seawater in the male half do not affect the impendance; only changes
which go completely through the cross section are important. Fortu-
nately, the problems of concentricity and roundness that bother cable
manufacturers are not significant in connectors because the machining
or molding of parts can easily be controlled to close tolerances to accom-
modate these dimensions.

The center conductor has two series contacts: the first between
the center conductor of the female half and the shuttle piston and the
second between the front of the shuttle piston and the male pin. As
long as good electrical contact is maintained through the Multilam
bands, the small gap in the surface at the two interfaces is not sig-
nificant at the frequencies of interest (up to 1 MHz). This conductor
is also the primary conductor for electrical current and is held at
potentials of up to 6,000 volts DC with respect to the outer conductor.
Normally, only a few milliamperes of current flow through the system,
but in air both the cable and connector can carry over 100 amperes
continuous. Probably double that current could be carried in water.
Since the conductors are only effectively no. 4 AWG in cross section,
however, the power losses in the cable would probably limit the usable
current levels to 50 to 100 amperes. Heating is not likely to be a
problem.

The inner conductor is supported by the shuttle piston and the
core front bulkhead, and the primary insulated path is shown in Fig-
ure 7. If it is assumed that seawater exists in the interface between
the male pin and the piston and is present in the space between the
inner and outer conductor seals, the critical path is from the wiping
O-ring to the end of the male pin, a distance of 1-1/2 inches.

The outer conductor flares out through the termination to allow the
increased diameter needed for interference anchoring of the center
conductor. It then is reduced in diameter to maintain impedance match
and allow packaging of the outer shells and latch mechanisms within the
overall diameter limits of the handling systems. In CEL-3B the inner
diameter of the outer conductor is 2 inches, but in CEL-3 it was only
1 inch, and dielectric strength was still ample.
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The outer conductor, which uses the same type of Multilam band
as the inner conductor, has only one contact. The band is smaller
than would normally be used for this conductor diameter, but the small
band was used to minimize the amount of seawater entrained and to
reduce corrosion problems. Even in tests where the main conductor
parts were not gold-plated, no corrosion damage was evident after a
full year of submergence.

In most SD systems, the outer conductor is primarily a shield and
waveguide rather than a current-carrying member, since the system is
grounded to seawater, and seawater is used as the return for the small
DC currents. In the coaxial wet connector, however, the outer conduc-
tor is insulated from seawater to reduce corrosion problems for the
contact and to allow a fully floating system in case larger amounts of
power or current are desired.

Mechanical Operation

In the terminations, the mechanical strength of the center strength
member/conductor is transferred to the outer conductor as shown in
Figure 8. This system allows the maintenance of proper insulation
between the inner and outer conductors while providing an interference
to load the dielectric in compression when the cable is under tension.
The molded dielectric is designed so that it cannot creep or cold flow.
The diameter of the outer conductor is reduced as discussed previ-
ously, and overlapping rings again transfer strength to an outer shell
while maintaining insulation - this time for the outer conductor.

This technique effectively isolates all of the electrical contact
mechanisms from the mechanical loads of the cable system. It also
encloses them in very sturdy housings to protect them from lateral
shocks or compressive loads during handling. Since the electrical
contacts are all overlapping designs, a total of more than 1/4 inch of
freedom is allowed for movement along the connector axis while electrical
contact is maintained. This is particularly important since the latches
must be designed to have some amount of dead-space or backlash to
ensure that tolerance buildups or small contaminants between the con-
nector faces will not prevent the connectors from coming close enough
together to latch properly.

The two connector outer shells, when mated, are locked together
by three spring-loaded latches that grip the raised ridge on the female
shell. CEL-3B is designed so that any one latch will hold the full cable
breaking strength. This interface also allows the connectors to swivel
when not under heavy tension and makes the latching independent of
rotational orientation of the halves. This is important during mating
and general handling. The latches are not designed as bearings. If it
is desired to use the connectors as an in-line, full-load swivel it will be
necessary to include some form of bearing system, probably in the
female latch ridge. The Multilam contacts are serviceable as low-speed
rotating contacts without modification.
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Strength passes on through the male shell, via a similar overlap to
the same type of termination as that used in the female.

The connectors are held concentric by both the O-ring seals and a
series of nylon ball bearings (28) located in the male shell. These
bearings reduce friction, allow easy egress of water and contaminants
during mating, and help prevent side-loads on the O-rings that would
cause leaks after mating.

The detent (11) is in place in the latch collar when the connectors
are mated and prevents the collar from being accidentally pulled back
as the connectors are handled. The collar is free to rotate and will
operate in any position. The collar encloses the latches to prevent
damage but is open inside with large clearances to reduce vulnerability
to jamming from fouling, rocks, sand, or other debris. The stops (27)
prevent the collar from jamming its spring or coming off the latches and
also ensure that external fouling will not prevent the collar from being
pulled back far enough to release the latches.

UNMATING SEQUENCE

To unmate the connectors the detent must be released by squeez-
ing the cover plate over the detent and the latch collar must be pulled
back about 2 inches. This releases the latches and allows the piston
spring to push the connectors apart.

In CEL-3B, the groove in the latch collar and the height of the
detent cover plate are matched to the ID of the tools used by manipu-
lators on TURTLE (DSV-3) and SEACLIFF (DSV-4) so that no matter
what the latch collar orientation, closure of the gripper in the groove
will release the detent. Because of the connector mass and the on/off
type of control used for the manipulators, it was usually possible dur-
ing the tests to unmate the connectors with only one arm, even when
cable was slack.

Divers can also operate the connectors by hand when the cable is
slack. For tensioned cables, divers should use a pair of tongs for
safety; the latches must be balanced carefully to limit the lateral force
required for unmating.

The connectors may be unmated with the cable under any tension
up to the working limit of 10,000 pounds. The latches move slightly
over center when releasing, so more pull force is required on the latch
collar at higher tension. On the CEL-3B model, forces range from
20 pounds with the cable slack to 576 pounds of static pull at 10,000
pounds of tension. The 250-pound static capability of the TURTLE/
SEACLIFF arms would limit this model to unmating at a maximum of
2,700 pounds of tension, but with sharp movements of the arms they
could probably unmate at any tension. The one-armed operation would
probably be desirable in this case to reduce chances of vehicle damage
because cable movement when parted under tension can be considerable
(up to 90 feet on level seafloors, more on slopes). This effect is
discussed in detail in Reference 9.
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For repeated matings it is imperative that the shuttle piston return
with the male pin and seal through the wiping O-ring as the unmating
occurs. This prevents oil loss and keeps out seawater. With slack
cable this is no problem because the spring is pushing the connectors
apart. With the sudden movement of parting under tension, however,
the piston must be free to respond quickly; the piston spring force
must be as high as available mating forces will allow. The piston head
must be perforated to allow easy oil flow, and the oil viscosity must be
low. In addition, it helps to have the access to the female compensator
and the male reservoir restricted. The sizes chosen provide little
resistance at the slow speeds of mating but are much more restrictive to
fluid flow at high rates than are the passages through the shuttle-
piston head. This resistance provides a partial dynamic brake on the
unmating to slow it down enough to ensure that the piston follows.
Laboratory tests of parting at tensions up to 10,000 pounds showed this
technique to be effective; no more than a drop or two of oil was lost in
10 consecutive tests.

During unmating, the reservoir in the male half empties seawater
into the space between the inner and outer conductor seals. The
reservoir is designed with a nominal volume rge enough so that even
if the water initially charged into the reser.oir during mating should
leak out, the flexible bladder has room enough to collapse below its
neutral position and allow unmating without generating a hydraulic lock.

Note also that this connector breaks electrical contact only in
fluid-filled, pressure-compensated, sealed chambers. Both inner and
outer conducters are, therefore, explosion proof. After unmating, the
female center conductor is fully dead-faced so the connector may be
energized for system tests. This feature also provides safety for
divers or vehicles operating the connectors.

TESTING

The testing for the various pieces of hardware created during the
coaxial wet connector development was designed to meet the following
objectives:

1. Demonstrate feasibility of the overall concept of making a wet
connection of SD cable, with consideration for long-life applications.

2. Demonstrate compatibility of the connector with the electrical
and mechanical performance of SD cable.

3. Demonstrate compatibility of the connectors with the handling
and mating systems to be used (submersibles and divers) both on deck
and in an actual ocean environment.

4. Develop sufficient understanding of the operating principles of
coaxial wet connectors to provide design guidelines for expanding the
basic prototype concept to other applications.

5. Demonstrate use of a prototype in the ocean (the final objec-
tive).
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There was no specific program with needs or requirements to drive the
work into elaborate (and expensive) development of a single design for
production use; therefore, the emphasis was on gathering a wide base
of knowledge about several forms of the device. Thus, to establish
reliability data, many short-term tests of individual items were planned
rather than long-term tests of several duplicate models.

With these objectives in mind, tests were performed first at the
component level, then at the experimental mockup level (CEL-3), and
finally with each of the three different versions of the prototypes
(CEL-3A, -3A Mod 1, and -3B). The tests performed are outlined in
Tables 2 and 3.

Table 2. Testing of CEL-3 Series Cable and Contact Systems

Operational Conditions/Results of Tests on--
Type of Test
Bare Cable Contact System
Time Domain
Reflectometer
Dry Mate <<3% mismatch by VSWR 0.5%
Wet Mate Not applicable 0.5%
HIPOT
Dry Mate 5 kV 10 kV
<1 pA <1 pA
(500 MQ) (10,000 MQ)
Wet Mate Not applicable 10 kv
<1 pA
(10,000 M)
After 24-hr soak,
seven wet mates
Shielding No leakage measurable Not tested
at 0.250 in. offset
with both Stoddart
high probe and Stoddart
search loop at 1 MHz
Corona No RF noise measured at Not tested
5 kV, 1 MHz
Mechanical Not applicable 20 to 30 psi to unmate
Functioning S to 10 1b to mate
During Air
Mating
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Component Tlests

The tests were performed primarily to determine the feasibility of
using certain concepts for connector components.

Cable Characteristics. SD cable is manufactured to extr"emely tight
tolerances, and anomalies in cable geometry and material properties are
held to a minimum. Although the general equation for cable impedance
provides basic guidance, little or no literature exists relating the
nature of coaxial connector elements (such as electrical contacts, dielec-
tric interfaces, and other items) to their effect on cable impedance and
signal transmission. Table 2 presents the conditions and results of the
tests.

In the first test run cable was simply cut through, the faces
cleaned smooth, and a butt contact made between the bare cable ends.
With the ends held in contact and one-half mounted in an indexing
table, it was possible to observe the effect of lateral displacement of
the mating faces on electrical performance. With the ends butted
snugly together it was possible to displace the faces laterally up to
0.250 inch (25% of the outer conductor diameter and 75% of the center
conductor diameter) without any measurable effect on impendance match,
corona performance, high voltage DC insulation resistance, or shielding.
All RF measurements were at 1 MHz, a typical upper frequency for SD
cable. These tests confirmed that for this cable, at these frequencies,
precise geometrical continuity was not as critical as imagined and that
there was, in fact, room for some distortion to insert contacts without
major electrical disruption.

Contact System. With the encouragement provided by the cable
test results, a mockup of the inner conductor/shuttle piston was buiit
to include a squeeze-ring for hydraulic operation. The conditions and
results are presented in Table 2. The male half was simply a short
section of SD cable with the dielectric machined to act as the pin. The
contacts were butt contacts. This model was mated in shallow water
seven times and verified that the O-ring wiping of the dielectric was a
feasible approach for a coaxial design. Pulse-echo measurements with a
Time Domain Reflectometer (TDR) showed this section to have <0.5%
impedance mismatch and to have excellent high-voltage insulation resis-
tance. The mechanical functioning of the piston was also satisfactory.

“Latch System. The next step was to select a latch system to
serve as the basis for the mechanical strength transfer system. To
minimize the operations required of the manipulator, it was decided to
operate the latches hydraulically from the same squeeze-ring system as
that used for the core shuttle piston return. This would leave the
manipulator with only one required motion to fully unmate the connec-
tors, automatically prevent accidental unmating, and ensure that the
system was pressurized so that the piston would always return after the
latches were released. A small mockup of a latch system was built,
using a latch very similar to a common door latch attached by a linkage
to a spring-loaded piston. This way the latches could freely withdraw
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for automatic latching during mating. Although there was some diffi-
culty with the piston seals, the function appeared to be very smooth,
and the operating pressure required was well within design limits.

Fluid Mechanics. Since data were not available on the dielectric
constant of mineral oil (USP), tests were run using the TDR and a
short section of outer conductor. With the ends capped, center con-
ductors of various diameters were used, and the model was oil filled.
A 0% mismatch was obtained with a center conductor diameter of 0.350
inch, which implied a dielectric constant of 2.05 (unexpectedly low for a
hydrocarbon).

In later tests on the CEL-3A, a derived value of 2.19 was
obtained. This variation may be explained by variations in temperature
and quality control of the fluid supplier. If a connector with a <1%
impedance mismatch is built, the quality of the fluid will have to be
tightly controlled.

CEL-3 Experimental Model Tests

The CEL-3 was the first complete assembly of all the basic features
of the coaxial wet connector. It was intended as a laboratory model
only, so the materials used were not compatible with sustained immer-
sion in seawater. In most cases acrylic was used for plastic parts ¢o
allow easy diagnosis of problems and inspection of functions. Rubber
parts were usually glued together from neoprene wet suit material,
rather than being molded, to save time and expense. Details of con-
struction were reported in Reference 4.

In the laboratory tests all electrical tests were satisfactory except
that impedance mismatch was slightly greater than desired (see Table
3). The connectors worked well at pressure and could be handled
manually with no trouble, but did not do well when handled by submer-
sible because the unmating squeeze force required was higher than the
manipulators could provide. The latch system was also unreliable and
would not release under tension. In addition, testing showed that the
design vas very cumbersome to assemble and disassemble and had too
many parts to be reliable in field service.

CEL-3 served as an important first step in the development pro-
gram, and the good performance of its critical electrical components was
encouraging.

CEL-3A Prototype Tests

The CEL-3A was designed to be compatible with sea testing for
moderate periods (1-5 years) and was generally compatible with sea-
water environments. It included stainless steel external parts, gold-
plated contacts, molded rubber bladders, and Delrin plastic or PVC
external blocks. The squeeze-ring hydraulics concept was still used
but with simpler internal piping, a better piston size and squeeze-ring
size to reduce required squeeze forces, Multilam contact bands, and
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simplified construction throughout. In addition, a venting reservoir
was added to compensate for the space between the inner and outer
conductor O-ring seals.

The center conductor diameter was refined to produce a better
impedance match as discussed in the section on component testing. The
TDR gave an improved reading of 3% for the overall connector. CEL-3A
was also used for a 2-month test at a sustained voltage of 12 kV. It
showed no degradation. With the insertion of seawater directly into the
space between the piston and the core front bulkhead, leakage current
increased slightly, but resistance remained greater than 500 MQ for the
month remaining in the test. This served to demonstrate that the
connector is tolerant of considerable seawater leakage. In general, it
was found that, until the connector is fully flooded so that seawater
actually bridges the space between the inner and outer conductors, the
insulation resistance will remain acceptable. Since the amount of water
required to do this will depend on whether the connector is vertical or
horizontal, it may be useful to know the intended application before
making final designs for interior bulkheads and transverse dielectric
faces; if the connector is to be used vertically it may be desirable to
add convolutions to these faces to act as sumps for any seawater leak-
age.

CEL-3A generally operated better mechanically than CEL-3 but was
still not adequate. The connectors jammed upon mating in air by the
TURTLE submersible. With some modification to the exterior shell
clearances this problem was solved, but the squeeze forces necessary
were still too high for unmating.

The units did, however, meet one major milestone - an underwater
mating at sea by submersible. Figure 9 shows the setup for the test,
o which was purely a mechanical handling/mating test, with no electrical
monitoring and no squeeze-ring unmating. The connectors with 100 feet
of SD cable on each half were chained together and lowered to the
seafloor in 240 feet of water. The submersible approached the units,
straightened the cable on one-half which had been bent by dragging
during implant, and mated the connectors. A total of five matings were
performed in a 1-hour period. Two operators performed one mating
each, and a third operator performed three mates. The mated connec-
tor is shown in Figure 10. In picking the connector up from the sea-
floor the vehicle grabbed the cable instead of the connector because of
trouble with the parallel-jaw manipulator. The cable was damaged, and
the outer conductor was actually parted at that point. The compensator
boot was pulled back from the termination and would have caused con-
siderable seawater leakage with electrical failure resulting if the units
had been operational. As a result, the next connector generation was
designed with plastic strain relief blocks and easy grip points behind
the terminations both to simplify the gripping operation and to proctect
the cable/boot.
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Figure 10. CEL-3A mated at 240 feet using SEACLIFF submersible.
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CEL-3B Tests

The CEL-3B was the final prototype in the series. Although
refinements and variations developed during the test program, CEL-3B
represents a complete working model of the CEL-3 concept. It passed
all the laboratory and field demonstration tests and together with the
various lessons learned from the other models would serve as the basic
design for any future development. It is not to be construed as a
production model because the testing has not established full reliability
data. Since there was only one complete model, tests were only carried
far enough to demonstrate that the connector meets the basic perfor-
mance requirements. Total mating cycles were limited to just over 100,
and mechanical tests to destruction or significant wear were not per-
formed. The hardware was generally well cared for to ensure that it
would be available for the entire series of tests and demonstrations.

It is significant to note, however, that the hardware did very well
in the tests performed and met all the requirements with apparent ease.
Despite a fair amount of handling in the laboratory and at sea, the
connectors survived the variety of bumps, drops to the deck, and
shock ummatings under tension with no damage.

The electrical performance of the CEL-3B was the best of any of
the models. An impedance mismatch of 2% was obtained, and this was
linited by the terminations used, not the connector. With improved
electrical penetrators in the pressure vessel the connector was tested to
12,000-volts DC under pressure for a total of 34 wet matings at 0 to
5,000 psig. Neither impedance match nor high voltage insulation resis-
tance was measurably affected by the pressure cycles.

CEL-3B was the first connector of the series to unmate success-
fully under tension. On the first few tries the latch collar was not
adequately centered by its bearings so the latches did not withdraw
simultaneously. Once the collar cocked off center, the force to com-
plete the unlatching was more than could be provided by the weights
available (over 600-pound force). The tests did demonstrate that even
under the shock of releasing two of the three latches under tension,
any one latch could hold the full 10,000-pound strength of the cable
working load. The connectors were not pulled to destruction but were
designed to hold more than the cable breaking strength (18,000
pounds).

With the latch collar modified to make it more stable, the connec-
tors successfully unmated seven of seven times, at tensions ranging
from 0 to 10,000 pounds. Figure 11 shows the results. These latches
had a slight over-center movement built in to ensure that increased
tension would not override the latches. This is not a problem with the
TURTLE/SEACLIFF manipulators because their "bang-bang" control
allows them to exert considerably more force than their static maximum
of 250 pounds. In normal use they could unmate the connector at any
tension. Some of the smaller manipulators would be limited, however,
so0 some improvement in this features, depending on the application,
may be warranted.
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Figure 11. Test results of CEL-3B unmating under tension.

The in-air handling and mating of the CEL-3B was very smooth;
both manual operations and manipulator tests were easily performed.
No hang-ups or incomplete matings occurred in any of the tests run.
The mated connector pair weighs 29 pounds in air without cable or
strain relief blocks attached. Total lift force to support the mated pair
with strain relief blocks and about 10 feet of cable on each end is
40 pounds in air. Normally, two persons would be necessary to mate or
unmate the connectors. Both the weight per half and the large diam-
eter of the grip points are slightly more than can be handled with one
hand per half. The manipulators had no such limitation. In five
consecutive tests by TURTLE in air the connectors were mated with no
trouble. Typical time elapsed — from beginning to pick the connectors
up from the floor to having them mated — was 10 seconds. The process
of grabbing the connectors may be expected to take somewhat longer at
sea because of maneuvering requirements; but, once the connectors are
gripped, the mating should not take more than a few seconds (with
slack cable).

The major test performed on the CEL-3B was an at-sea demonstra-
tion with the connector under 5,000 volts DC, while operating in an SD
cable system on the seafloor at 6,000 feet. The test life was to be
1 year. Figure 12 shows the test arrangement. The connector was
installed in-line on SD cable. The cable was terminated open-circuit
approximately 100 feet past the connector. The open-circuit configura-
tion allowed applying high voltage without drawing significant current.
The spacing from the end allowed resolution of the connector with a
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Figure 12. CEL-3B long-term deep ocean test setup.

TDR while taking measurements from the surface, over 6,000 feet away.
The cable was gripped with a Dyna-Grip stopper and clevis, which was
shackled to a clump anchor. The SD cable then served as a mooring
line for an 8-ft-diam subsurface buoy. With large lead-acid battery
packs suspended from the buoy and with the interior partially flooded
for ballast, the buoy provided a static tension in the vertical SD cable
of 4,500 pounds at the surface termination, 2,670 pounds at the sea-
floor. Battery power was supplied via a 250-foot umbilical to a small
instrumentation housing which was normally stowed inside the hollow
center well of the buoy. The instrumentation housing was also con-
nected to the SD cable by means of RG-8 coaxial cable. Inside the
housing the 32-volt DC from the batteries was stepped up to 5,000 volts
DC and applied to the coaxial cable. Applied voltage and leakage
current were measured and recorded within the instrumentation hous-
ing.
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Batteries were designed to supply power for 6 months to 1 year,
depending on leakage current. Each month, the instrument package
was to be brought to the surface by divers so that the data could be
recovered. At that point the RG-8 cable could be disconnected from
the package and a TDR applied to look down the entire coaxial cable
system and inspect the cables, splice (RG-8 to SD), connectors, and
termination (end fitting). This setup would also allow direct monitoring
of the connectors from the surface while they were being mated by
submersibles.

The connector and test setup was originally installed in August
1977 and was electrically operational by September. A partial short
circuit (about 5,000 ohms to ground) in the circuit produced enough
current in the system to cause a major voltage drop across a protecting
resistor. This resulted in only about 200 volts being applied across the
connector itself by the test system. The connector did, however,
withstand a 5,000-volt DC test in the first test after implant. TDR
measurements showed the impedance of the connector did not change
significantly, so it is postulated that the short occurred at the open-
circuit termination at the end of the SD cable. TDR measurements are
not very precise at large impedance mismatches such as open circuits,
and a 5,000-ohm open circuit appears very much like a good circuit
under these conditions.

This open condition remained unchanged until sometime in January
1978 when the buoy broke free. The electrical portion of the test was
thus aborted after about 4 months of operation.

Single dives were made by the SEACLIFF on each of two occasions:
one in March 1978 and the other in March 1979. On the first dive the
test equipment was not located, but in March 1979 the submersible
located the lowering wire in the predicted location. Unfortunately, the
submersible malfunctioned and had to discontinue operations at that
point. Because of heavy scheduling of the submersibles through the
following summer and fall no further attempt has been made to recover
the connector. The partial success of the March 1979 dive and the
successful demonstration on that dive of a special hydrostatic cable
cutter able to cut the SD cable provide optimism that the connector is
still in place and can be recovered when submersible services are
available. Because the test will be well over 2 years along by the time
recovery occurs, it has been decided not to attempt a mating on the
seafloor but rather to recover the connector intact for careful labora-
tory study and analysis. This will allow isolated study of the aging
process of the connector without any possible confusing damage or
distortion which the mating process might cause. Results of these
laboratory tests and possible future field operations will be reported
separately.

CEL-3A Mod 1 Tests

Although the CEL-3A had not done as well mechanically as desired,
the hardware did eventually prove itself and, in fact, was the first of
the CEL-3 series to actually see operational use. The problems with




the connector all centered around the complex hydraulics involved in
the squeeze-ring system. When the CEL-3B was conceived and built, it
showed that these problems could be eliminated by going to a spring-
return system for the piston and a rather simple quick-disconnect type
of external latch system. By the time the need for the CEL-3A Mod 1
appeared, the CEL-3B unit was in the ocean undergoing long-term
tests. Therefore, it was decided to modify the CEL-3A to incorporate
the problem solutions learned from the CEL-3B and to make it mateable
by di.ers.

The Current Measurement System (CMS) test facility application
had only a 2-year life requirement and was accessible for repair if
needed, so the connector hardware materials were suitable. The appli-
cation was much less rigorous than the primary design requirements
because of the short life, lack of applied cable tension, low voltage
(440 volts AC), diver mating, and ease of access for maintenance. The
modifications included a piston return spring external to the outer
condu_tor and elimination of the squeeze-ring hydraulics, except for
service as a pressure-compensating bladder. In addition, several holes
were added around the male shell to allow divers to unmate the connec-
tors by pushing the latches manually with two pins. With these modifi-
cations and a CEL-designed field-installable termination, the unit proved
very easy to handle and mate. With the exception of a minor sticking
problem with one latch, the connector has operated without problems for
nearly 2 years, through four on-deck matings/inspections, one wet
mating, and a dozen or so dry matings during test and checkout.
Figure 13 shows the connector in the mated position on the CMS shallow
water test facility power distribution box. The connector had been
submerged about 2 years and was still operable, despite the fouling.

Testing Summary

Over a period of 4 years a total of 229 recorded matings of coaxial
wet connectors were performed, with probably a hundred more occur-
ring during general handling and checkouts. A total of 72 matings
were wet, 47 of them at pressure. All of the wet matings were suc-
cessful. A total of 92 (37 wet) matings were performed on the final
design of the CEL-3B. All of those were also successful. While this is
not a particularly large number of mating cycles, it is important to
remember that these were usually peformed in groups of from 1 to 10
cycles, so that the variety of conditions and designs tested is quite
large.

The CEL-3 series has demonstrated it can meet all of the prototype
design requirements under laboratory and short-term field conditions.
The only two areas of performance not tested were (1) at-sea handling
of the connectors with standard SD cable-laying equipment such as
linear cable engines and stern chutes, and (2) long-term life (5- to
30-year range). In all other respects, the CEL-3 connectors have
demonstrated their full compatibility with SD and similar cable systems,
including the cable itself and the vehicles which might be used to
handle it underwater.
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Figure 13. CEL-3A Mod 1 on CMS structure after 1 year at 75 feet.

APPLICATIONS

The idea of wet-mateable electrical connectors has been around for
more than 25 years, but only in the past 5 to 10 years has the hard-
ware been developed sufficiently and the need increased enough for
both military and civilian designers to actually consider wet connectors
as a practical option in system design. Appendix A describes this
general development in detail.

The CEL-3 series coaxial wet connectors are designed to be com-
patible with SD cable and, with minor modifications, would also interface
with many other large specialized coaxial cables such as SF, SG, 1.47
LW* or with any other coaxial system such as smaller range cables and
vehicle umbilicals or tethers. It is therefore appropriate to consider
just what new options are now opened by the development of this new
class of connectors.

*Used by the United Kingdom.
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General

A connector is an intentional break point in a system -~ an inter-
face which is fully controlled and self-contained. It is a series ele-
ment. It mechanically and electrically separates systems — cable from
cable, cable from structure. Connector mating is reversible and
repeatable (in contrast to a splice, which is installed one time only and
is irreversible).

The basic features of connectors give them great impact on all
aspects of a system. Their strength (being a series interface) is also
their weakness because a connector failure becomes a failure of what-
ever system it serves. It is imperative, therefore, that connectors be
considered fundamental elements of the entire structural or vehicular
system from the earliest conceptual work right through design, pro-
curement, fabrication, assembly, installation, test, monitoring, opera-
tion, maintenance, and final performance analysis. The penalty for
either ignoring connectors or misapplying them can range from minor
inconvenience to major system failure. The advantages of properly
applied connectors can include improved system reliability; reduced
costs; more flexible system operation; improved safety; and, in many
cases, development of a capability that simply would not exist without
connectors.

Beyond the basic benefits of connectors, wet-mateable connectors
offer specialized features and benefits because cable installation from
the surface is always risky and expensive. Underwater cable mainte-
nance (though important because of the corrosive environment and
young state-of-the-art) is nearly impossible without wet connectors
because recovery of most systems is even more costly and risky than
installation. Some examples of how wet connectors, and specifically
CEL-3 coaxial types, might be applied will illustrate.

New Installations

As previously discussed, connectors are an integral part of a
system and can normally be used to best advantage when included in
the basic system concept. Connectors can be put at critical locations to
allow testing during fabrication, assembly, pre-implant, and even after
installation. For example, CEL-~3 connectors at repeaters of sections of
SD trunk line that are prone to damage would allow easy access for
in-situ fault location and repair (especially needed for buried cable).
The same connectors could be used to remove or replace an entire
section if needed, with no degradation in system electrical performance
and no added slack.

Wet connectors can be used simply to allow separate handling and
implant of large system elements so that the implant can be phased and
controlled and the size of individual elements can be kept within work-
able limits. For example, in the proposed Deep Underwater Muon and
Neutrino Detection (DUMAND) experiment, the entire structure would
occupy nearly a cubic kilometer and would be located several kilometers
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from dry land in 5 km of water. It would be composed of several
hundred vertical sensor strings, each connected through a series of
bottom-laid trunks to a central distribution box. This box, in turn,
would connect to a shore cable. The need for several kilowatts of
power out and many channels of multiplexed data back makes SF or SG
cable likely choices for the main trunk with SD or a similar cable for
the sea floor trunks. Even if modules used were so large they would
be towed out and self-propelled to the seafloor, an estimated minimum of
64 CEL-3 connectors would be needed for this structure.

In some applications it is desired to install or replace single ele-
ments or sensors without disturbing the remainder of a seafloor struc-
ture whose position has been calibrated. Examples of this include a
concept once considered for a project that needed a CEL-3 connector
for (1) each of several hundred dipoles to be installed in a large
underwater antenna and (2) a seafloor sensor package that needed to
be inserted between two sections of SD cable in deep water after the
cable was laid. In the latter case the structure/package was too heavy
to lower by SD cable, the water was too deep for a combined cable lay
and crown-line lowering, and the water was so deep that conventional
methods of lifting cable back to the surface would risk cable damage
and add unacceptable additional cable slack. Even in shallow water
where diver access is possible, the precision of implant or time restric-
tions may dictate modular installation, which implies wet connectors.

Connectors also offer the option to modify, relocate, or extend
seafloor systems without recovery or even disturbance of existing units.
Examples here would be the expansion of an underwater range, addition
of new wet-end elements to existing seafloor cable systems, or extension
of the CEL's CMS test facility to a deeper site. This feature is also
very useful in straightening or adjusting the precise configuration of
newly laid cable because it is not likely that simple re-tensioning from
the surface will be effective (Ref 9). Connectors are also very useful
for interfacing a suspended cable structure with a bottom-laid service
trunk because anchor positioning for the suspended systems can be
critical and must not be impaired by handling the trunk line as well as
the risers; entanglement becomes critical, and maneuverability is
reduced.

Maintenance/Repair

Deep water repair of cables would be greatly improved by using
CEL-3 series connectors as shown in the scenario of Figure 14. The
total number of discrete insertions is the same (one connector, one
splice) or, at worst, one greater (one connector and two splices). The
ships and vehicles used would be the same as presently planned for
repair of deep or buried cables (SCARAB system). The advantage of
this system is that little or no slack is added to the cable. This means
the result is electrically superior because a deep water repair typically
adds 1 to 2 miles of slack (5% to 10% of section length), while insertion
of a connector is equivalent to adding, at most, about 0.2 mile of cable
(1% of section length). In addition to this factor of 5% to 10% reduction
in added electrical attenuation, the removal of slack reduces problems in
protecting the repaired cable against future damage.
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This scenario is presently under study by Teleglobe Canada, the
Canadian telecommunication company. They are also having the CEL-3B
connector design modified for compatibility with their 1.47 LW cable.
The 1.47 LW is similar to SD cable but has a 54-ohm impedance and an
aluminum outer conductor.

Support Vehicles

With some minor adjustments in the size of grip areas the CEL-3
series can be mated by any existing vehicle that has two or more manip-
ulators. This includes even the fairly crude grabbers used for holding
vehicles in place since only one half really needs to be controlled to
achieve the needed relative motion. A few of the systems that can
operate the connectors (Ref 10) are listed as follows:

Manned Vehicles Unmanned Vehicles
SEACLIFF SCARAB

TURTLE RUWS

ALUMINAUT CURV II and III (with
BEAVER work systems package)
DEEP QUEST

PC 1201

PC 1202

PC 1203

PC 1204

PISCES (Series)

Design Options

For many SD cable applications, insulation of the outer conductor
from seawater is not required; a simple lap seal over the contacts may
suffice to prevent corrosion. If so, the connector diameter may be
reduced about 1 inch, and the venting reservoir in the male half may
be eliminated. If one then combines the reduced l-inch outer conductor
diameter of CEL-3 with the outside spring design of the CEL-3A Mod 1
shuttle piston, stacks the CEL~3B latch collar groove on top of the
latches, and adds the shortened CEL cable termination, a much smaller,
simpler, and cheaper version of the CEL-3B (designated CEL-3C) will
result. This is shown in Figure 15. CEL-3C would be the recom-
mended concept for any basic SD cable application.

To illustrate the flexibility of the CEL-3 concept, Figure 16 shows
a coaxial wet connector for a smaller coaxial cable of the type often
used on underwater ranges — the NUWES Keyport 15215 cable. The
connector is 3 inches in diameter and 18 inches long.

These designs are just samples of the type of units that may be
used in advancing systems toward truly underwater operation, with
efficient cost-effective designs and without the risk and expense of
operations at the air-sea interface.
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SUMMARY AND CONCLUSIONS

An underwater-mateable coaxial connector for SD list 1 cable has
been developed during the past 4 years at CEL as part of the Deep
Ocean Technology Program. The performance requirements for the
connector were derived from the cable specifications and vehicle/
handling interface constraints. The CEL-3 series design is oil-filled
and pressure-compensated, is fully coaxial throughout, is impedance-
matched to the SD cable (44 ohms), operates at more than full cable
voltage (6,000 volts DC), carries the full cable breaking strength, is
compatible with both manipulators and divers, is depth-unlimited, and is
compatible with 10- to 20-year life requirements.

Four complete units and several subsystem mockups have been
built and thoroughly laboratory-tested. Limited field testing and at-sea
demonstrations have also been conducted, culminating in a 2-year,
6,000-foot demonstration of the CEL-3B prototype. A total of 229
recorded matings (72 of which were wet) were conducted on the various
models. After minor modifications and debugging, the prototype
CEL-3B met all performance requirements, including an impedance match
to within 2%, 6,000-volt DC operation, pressure testing and wet mating
to 5,500 psig, mating by submersible, unmating under tension of 10,000
pounds, and sustained submergence without degradation.

Coaxial wet connectors are now a viable design option for a variety
of seafloor structure and other deep ocean applications, including
installation of new systems, test and operation of installed systems, and
maintenance, repair, and expansion or retrofit of such systems.

Test results show that the CEL-3B, as built, can operate at 12,000
volts DC, carry over 100 amperes, and remain impedance-matched to
within 2% at 44 ohms at theé upper frequency range of SD cable. The
connector is coaxial throughout.

The CEL-3B has been successfully tested to 10,000 pounds of
tension (the upper working limit on SD cable) and will unmate at this
tension with an unmating force of approximately 600 pounds without
damaging the connector.

In the test program a wide variety of design options has been
considered for the basic concept, and the experience can be used,
therefore, to tailor a design to many potential applications, both with
SD cable and with other coaxial cable systems. Actual application will
require a final design and any special testing required to obtain reli-
ability data or other special information relevant to a particular applica-
tion.

The variety of designs tested provides a basis for extending the
CEL-3 series concept to a wide range of applications, from deep ocean
cable repair to modular assembly of advanced ocean cable structures.
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Appendix A
PRINCIPLES OF UNDERWATER MATEABLE (WET) CONNECTORS

BACKGROUND

A wet connector is an end fitting for electrical or electromechanical
cable that is capable of being mated or unmated underwater while still
providing a desired level of electrical insulation for one or more conduc-
tors. There have been efforts to build such devices for at least the
past 20 years. Literally dozens of designs are available, very few of
which have actually been produced commercially in profitable quantities.
The available hardware, however, is still very crude even when com-
pared with the sister designs for dry-mateable underwater connectors.
Mating forces are generally high, reliability is low, voltages are limited
to signal and low power levels (about 600 volts maximum). In general,
the full catalog of design and configuration options that exists for other
types of connectors is just not available.

The need for wet connectors persists, however, and is growing.
The Navy could significantly reduce maintenance costs and down time if
many of its sonar systems could be replaced or repaired without dry-
docking the ships. Many seafloor structures require wet connectors for
installation and maintenance. The offshore oil industry finds more and
more need for good connectors as operations move deeper and diving
operations expand. The development of the coaxial wet connector
discussed in this report was intended not only to meet a predicted
specialized need of the Navy but also to help push forward technology
and to stimulate further development in wet connectors in general.

The CEL-3 coaxial wet connector represents a rather sophisticated
combination of wet connector principles and was designed to meet an
unusually complicated and stringent set of requirements for a special
application. It has evolved from a lengthy history of wet connector
designs (outlined in Table A-1).

WET CONNECTOR CONCEPTS

For this discussion wet connectors are classified according to the
method by which they provide an insulated path between the conductors
and the adjacent conductors or surrounding environment. Each suc-
ceeding class has certain inherent advantages, as well as certain limita-
tions. A knowledge and understanding of these principles is essential
in the design, selection, or use of wet connectors (Figure A-1).
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Table A-1.

Historical Summary of Wet Connector Designs

Patent No. Inventor Date Description
Class IA (Direct Pressure Rubber/Rubber)
3,478,297 | Gimpel 11 Nov 1969 | Flat face-to-face with pressure
3,478,298 |Nelson 11 Nov 1969 | Convex face
3,497,864 |Barnet 24 Feb 1970 | Tapered gland
3,537,062 |Niskin 27 Oct 1970 | Interlocking, self purging, but
with one face still direct
pressure
3,665,509 |Elkins 23 May 1972 | Conical, with a vacuum seal
3,693,133 |Harbonn 19 Sep 1972 | Flat face-to-face
3,731,258 |Spicer 1 May 1973 | Convex face
Commercial: None known.
Government: None known.
Class IB (Diaphragm Puncture)
2,700,141 |Jones 18 Jan 1955 | Double diaphragm puncture with
sealing compound
3,158,420 |Olson 24 Nov 1964 | Diaphragm puncture with self-
riveting contacts
3,848,949 |Falkner 19 Nov 1974 | Diaphragm puncture with button
contact
Commercial: Falkner patent in use by Deep 0il Technology, Long
Beach, Calif.
Government: None known.
Class IC (Pin and Socket)
2,935,720 |Lorimer 3 May 1960 | Cylindrical insert
3,124,405 |Massa 10 Mar 1964 | Held together by split ring
3,249,907 |Hewitson 3 May 1966 | Slightly tapered plus
compression
3,344,391 | Ruete 26 Sep 1967 | Field-installable, claiming
reduction in corona
3,350,677 }Daum 31 Oct 1967 | Basic IC unit, no detent
(continued)
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Table A-1. Continued

Patent No. Inventor Date Description

3,546,657 | Cook 8 Dec 1970 | Spot contacts on pin, leading

shoulder

3,658,004 | Kerr 15 Aug 1972 | Deforming pin for pressure

relief of basic unit

3,725,846 | Strain 3 Apr 1973 | Tapered seal, for corona

reduction

3,787,796 | Barr 22 Jan 1974 ) Raised shoulders on pin

insulation

3,874,761 | Stauffer 1 Apr 1975 | Female insulation rolls back to

reduce mating force

Commercial: The most commonly used design class. A wide variety of
manufacturers, including Brantner, Celmark, Deutsch,
Glenair, ITT Cannon, Joy, Kintec, Massa, Souriau,
Vector, and Viking. Full details are available from
manufacturers. Although thousands of these units are
in use in marine systems, they are almost never
actually mated underwater.

Government: Many government agencies and ships use these connectors
when mated dry. CEL is testing units for possible
application to wet replacement of sonar transducer
systems. The basic design class is incorporated in the
outer conductor seal for the coaxial wet connector
described in this report.

Class ID (Pin and Socket, Vented)

3,271,727 | Nelson 6 Sep 1966 | Basic ID design (E0)

3,277,424 | Nelson 4 Oct 1966 | Continues 3,271,727

3,368,181 | Gimpel 6 Feb 1968 | Contact for ID type

3,397,378 | Dietrich 13 Aug 1968 | Junction box version of EO

3,524,160 | Robinson 11 Aug 1970 | Vented shuttle pistons

3,626,356 | Trammell 7 Dec 1971 | Vented, button contacts,

threaded shells for mating

3,641,479 | O'Brien 8 Feb 1972 | Vented, with replaceable O-ring

seals

3,757,274 | Hazelhurst | 4 Sep 1973 | Offset pin/socket for retaining

force
(continued)
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Table A-1. Continued

Patent No.

Inventor Date Description

3,832,673

Florian

27 Aug 1974 ) Ball contacts

Commercial:

Government :

Electro (formerly ElectroOceanics) is prime
manufacturer. Also Advanced Cable Assembly and Souriau
make models with vents back through the male pin
instead of out back of the female socket. These EO
models are the only ones normally used for wet mating,
such as on diver equipment or in some oil-filled
applications. Most use, however, is in moist environ-
ments such as mining and on offshore structures.

In use on some submersibles and on many reserach and
development structures. Commercial items not a
candidate for fleet use, although disclosures for
improvements in the concept have been filed (Navy Case
62,759 Feb 1978, Wilson).

Class I1 (Inductive)

None found

Commercial: Resource Instruments, Ltd., of Canada. Some
proprietary split transformers used on seafloor; well
completion units by GE/VETCO, TRW, Westinghouse.

Government: Some commercial units in use at CEL.

Class IIIA (Free Fluid Dielectrics)

3,714,384 | Burkhardt | 30 Jan 1973 | Inverted cylinder, oil-filled

Commercial: EXEECO Ltd. in use on offshore oil structures.

Government: Grease-filled coaxial cable splice under development at

CEL (Ref 6). Grease-filled single wire splice used
under water (CEL 1972-1974).

Class 11IB (Grease-Filled or 0Oil-Filled, with Diaphragm)

3,972,581 | Oldham 3 Aug 1976 | Basic IIIB design

3,643,207 | Viking Feb 1972 0il-filled with flat contacts

Commercial: Standard item available from STC (ITT), London, and
Viking Industries.

Government: Principle in use in developmental underwaier cable

splice.

{continued)
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Table A-1. Continued

Patent No. Inventor Date Description

Class IIIC (0il-~Filled, Piston-Wiping)

3,508,188 | Buck 21 Apr 1970 | Pressure-balanced, oil-filled
(PBOF), both halves, with dummy
pistons in female and sealed;
ganged; movable pins in male

3,729,699 | Briggs 24 Apr 1973 | PBOF female only, with fixed
male pins

3,821,690 | Small 28 Jun 1974 | PBOF both sides, with
exchanging pins

3,845,450 | Cole 29 Oct 1974 | PBOF both sides, with same as
Buck except cable is
compensator

4,039,242 | Wilson 2 Aug 1977 | PBOF female only, coaxial, with
shuttle piston and squeeze-ring
actuation

Commercial: No stock items, but developmental items available from
Bendix, Celmark, Southwest Research Institute, Crouse-
Hinds. A prototype high voltage version is being
developed by Exxon Production Research, and the coaxial
model is being developed by Teleglobe Canada.

Government: CEL has developed the fixed-pin version for use as
battery-charging umbilical connectors for DSRV and
battery box connectors for TRIESTE II (see Ref 1). The
coaxial version has been used at CEL for installation
of a seafloor test facility as described in this
report. A disclosure has been filed (Navy Case 62,756,
Wilson, Feb 1978) covering the simplified coaxial
version of the device, including spring return of the
shuttle piston and venting of the seal spaces in the
coaxial void between halves.

Class I - Rubber-to-Rubber Seals

Rubber-to-rubber seals are the simplest of the designs and usually
are the cheapest and most rugged, while providing the basic functions
of a connector — repeated wet mating. They are all limited in terms of
voltage because the basic insulation is provided by the sealing of an
elastomer against either a rigid or elastomeric surface. The length of
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the seal determines the voltage limitation and the mating force require-
ment. This class is generally limited to noncoaxial designs because of
pressure-balance problems with the semirigid dielectric seals.

A rubber-to-rubber seal must be pressurized to work, and must
also be clean and uniform. The fluid remaining on the surfaces can be
minimized by lubricating the surface with a nonwetting substance such
as silicone, by designing the surfaces so that they squeegee the water
out as they are pressed together, or by using interference fits for a
wiping action. Once an insulating seal begins to break down, either
because of excessive voltage or because of water leakage, leakage
current is channeled in a very concentrated line, which usually causes
heat and breakdown of the rubber. This action leaves a carbon path
which is not self-healing and is usually not even repairable.

In contrast a fluid dielectric can be designed to wet insulation
surfaces preferentially, to absorb (or at least isolate) seawater leakage,
and to flow back in to re-establish insulation even after a breakdown
has occurred.

Class IA (Direct Pressure Face Seal). Mechanically, this is the
simplest type of wet connector. The electrical contacts are simply
molded into two opposing rubber faces which are then pressed tightly
together, reducing the water on the insulating surfaces to a very thin
film. The rule is: the greater the separation between contacts and the
higher the mating pressure, the better the insulation resistance.
Variations on the theme include making the surfaces convex for better
wiping action or making them conical for ease of alignment and as a
mating force amplifier. In this case the faces are never dead-face, and
the contacts are not wiped before mating. An added mechanical device
is required to obtain the needed pressure for electrical contact and
insulating seals — all of which are in parallel and, therefore, additive.
The design is generally insensitive to pressure but sensitive to con-
tamination on the mating faces. It can be made very tolerant of lateral
misalignment.

Class IB (Diaphragm Puncture). The earliest design for a wet
connector was patented in 1955. In this device, both sides were dead-
face when unmated. The two halves were first latched together mechan-
ically and then a set of pins were pushed through two sets of dia-
phragms, each of which had a sealing compound between them. The
device was only as good as the ability of the two connector halves to be
forced together and water squeezed off the mating faces. The dia-
phragm puncture action does cause localized high pressure right around
the contacts so it provides a slight improvement over the basic face-to-
face seal but only at the expense of a limited number of matings
because the diaphragms are damaged with each mating.

The other patented diaphragm design is presently in use by Deep
Oil Technology, Long Beach, Calif., and incorporates a heavy shell so
divers can lock the halves together with wrenches to get high forces on
the rubber seals. This device has been successfully used to 440 volts
AC with several matings over a period of years.

57




Class IC (Pin and Socket). In the pin and socket design, the
force is applied to the insulating rubber surfaces by interference fit of
cylindrical surfaces. This seal is usually formed by molded rubber
surfaces — sometimes with a detent or raised portion included, sometimes
with one surface an elastomer and the other rigid dielectric. In all
cases, in the pin and socket class the outer cylindrical portion of the
seal must be sufficiently compliant to allow the seal to open so fluid
trapped inside can be vented during mating. During unmating, the
seal must be artificially opened prior to separation of the connectors, or
the force caused by the differential between ambient pressure and that
inside the connector acting on the pins must be overcome directly. The
contacts are not wiped during mating, and seawater does remain in the
electrical contact area after mating - although the area is isolated from
the external environment. Limited corrosion can occur. Maintenance of
these units is important — but difficult. The recessed nature of the
socket contact makes it difficult to remove any salt crystals or dirt so
contacts may be damaged during repeated matings. If contact resis-
tance becomes high, the cluosed nature of the design causes problems
because the seawater inside can be heated sufficiently in power conduc-
tors to cause steam and catastrophic failure of the unit. In many
connector designs not intended for wet mating a small seal of this type
is provided around the base of each contact as a secondary seal to
reduce pin damage and retard failure in case the primary connector
shell seal leaks.

Performance of this class is significantly improved if it is well-
lubricated. It can begin to look like a Class IIIA design, especially for
a limited number of matings. Cleaning and lubrication of this type are
recommended before each mating, whether wet or dry.

This class is never dead-face but can be explosion-proof (sealed
until after electrical contact is broken).

Class ID (Pin and Socket, Vented). The addition of a pressure-
balancing vent to each socket (or back through each pin) is the feature
that makes this the first wet connector class that is conceptually fully
adapted to the ocean environment. The various designs use variations
on the contact type and locate the vent in different positions, but all
are essentially smooth-bore sockets with pins of uniform diameter to
prevent any pistoning action (pressure differential). Mating forces are
thus just the sum of the frictional forces caused by the interference fit
of seals and contacts. In practice, however, this can be quite large
for multiple contact connectors. The best designs utilize the more
advanced electrical contacts with some sort of louvered band or spring
between two continuous cylindrical shells. This greatly reduces the
basic mating force and prevents the outer contact ring from being
differentially compressed onto the rigid pin contact when pressure
increases. No commercially available device includes these features yet.
Using continuous electrical shells also reduces mold flashing in the
socket and greatly improves quality assurance.
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Like the Class IC, this system also benefits from lubrication but is
much less vulnerable to contamination because the contact itself is wiped
and the vent allows debris to be pushed out during mating. Its weak-
ness is that each contact has at least twice the insulating seal area of a
corresponding Class IC design because insulation is on both the front
and back of each contact ring.

In both Class IC and ID designs, concentric cylindrical pin and
socket arrangements for the contacts provide better packaging density
and fundamentally better reliability (less leakage area) than do spot
contacts of equivalent size.

Class II - Inductive

Although the inductive coupler has some internal electrical limita-
tions, its compatibility with the ocean environment is nearly absolute:
(1) electrical contacts are never exposed to the environment, (2) the
device has no moving parts, (3) the mating force is essentially zero,
(4) the connector is insensitive to contamination and less sensitive to
alignment than most others, (5) it almost never wears out, and (6) it is
explosion-proof .

The main limitation is that it is not possible to have many fully
isolated circuits through the connector without multiplexing equipment
in the system. The device is also very inefficient in size when carry-
ing more than a few watts of power or high voltages.

These devices have been produced commercially and are gaining
acceptance in many applications.

Class III - Fluid Dielectrics

In Class III connectors the contacts are immersed in a fluid dielec-
tric such as oil or grease when mated. They may or may not have
some sort of preliminary wiping seal or containment mechanism for the
fluid. These designs offer the best known type of insulation because
the fluids are highly resistant to corona and can be void-free. In
addition, the connectors are easily pressure-compensated, can preferen-
tially wet surfaces to absorb or displace seawater so that contacts have
essentially unlimited life, are leak-tolerant, and greatly ease manufac-
turing tolerances on most molded parts. If occasional overvoltage does
cause breakdown, the dielectric is self-healing.

In practical designs, these connectors are somewhat more compli-
cated mechanically than those of other classes and are usually more
expensive to manufacture. What litte maintenance they require is easy,
however, and they offer a great deal more capability than other wet
connector classes. In situations requiring the Class III features, the
added cost or complexity is usually easily justified.

Class IIIA (Free-Fluid Dielectrics). Any connector can be a
Class IITA connector if an inverted bucket is filled with oil and the
connectors are held up in the bucket during mating or if the connectors
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are completely filled with a grease before mating, either before immer-
sion or while under water. These types are mechanically messy but
electrically sound. They have all the advantages of a fluid dielectric
once mated, and repeated mating is possible with refurbishment of the
dielectric reservoir. For a one-time, high-quality connection this
system would be very suitable. EXEECO, Ltd. sells a IIIA connector
used in offshore oil applications.

Class IIIB (Fluid-Filled with Diaphragm). The addition of a dia-
phragm which is either punctured directly or has pre-formed holes or
flaps for contact entry greatly increases the utility of the grease-filled
connector beyond the basic IIIA design. The system is still rather
simple and rugged but its performance goes considerably beyond the
nearest competitor, the Class ID vented rubber design.

A commercial connector of this class is produced by Standard
Telephones and Cables, Ltd., of England. In this version the mem-
brane over the grease-filled female half has holes molded nearly through
the membrane in line with each socket contact, with the inside of each
hole just closed off by a thin flap which is cross-hatched to split open
easily but which still acts to retain grease and Keeps out loose con-
taminants when the connector is unmated. During mating, the male pin
is wiped off by a slight interference fit with the hole in the membrane
and then by the grease inside. The membrane flexes outward during
mating to accommodate the increase in internal volume during the entry
of the male pins and at all times acts as a compensator for the grease-
filled space. This leads to very low mating forces (just the small force
of a well-lubricated wiping membrane and the actual electrical contacts),
which are insensitive to depth. The contacts and insulating surfaces of
the male pin are well-wiped during mating, and the female contacts
never touch seawater. In general, the female will be dead-face until
mated.

A small oil-filled version is available from Viking Industries. It
adds the feature of rigidly supported flat slits in the diaphragm.

The Class IIIB design is somewhat limited in pin size to signal/
low-power applications, and does not have the complexity of moving
parts of the larger IIIC oil-filled designs. The voltage rating is easily
made much higher than is possible with rubber-seal systems (1,000-
5,000 volts is practical) although, again, it is likely to be inferior to
IIIC oil-filled designs at very high voltage ratings (above 5,000 volts).
The fact that the wiping seal is not particularly stringent means that
this class of connector would likely carry in more contamination per
mating and be degraded more by a given contamination than would the
IIIC oil-filled systems. Maintenance would be required after the first
few matings. Fortunately, this only means recharging or, at most,
replacing the fluid — an easy operation if access to the device is pro-
vided. Grease can even be recharged underwater if desired.

Another application of the fluid-filled diaphragm is the underwater
splice presently under development at CEL. In this system, the insula-
tion on the male pin is much thicker so the membrane wiping is not as
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effective and the large male pin volume makes simple membrane move-
ment inadequate for compensating the volume change during mating. In
this design, the membrane therefore has vent holes with small check-
valve flaps to allow grease to flow out as the cable is inserted into the
splice. Since the splice is, in effect, a one-time mating connector, the
irreversibility of flow is acceptable.

The IIIB design nicely fills the performance gap between the
rubber molded systems and the larger IIIC oil-filled systems.

Class IIIC (Oil-Filled). Class IIIC has many variations but its
central premise is that the leakge path should be flooded by a liquid
dielectric and sealed by a pressure-balanced wiping seal (an O-ring).
The O-ring allows large pin size but requires a dummy piston to pre-
vent fluid loss when unmated. This provides essentially unlimited
voltage potential (sea tests to 6,000 volts DC with laboratory tests to
35,000 volts DC), improved cooling to allow high current (to 2,000
amperes so far), and repeated mating with no maintenance. An addi-
tional feature is that of having one or both halves of the connector
dead-face so that the leads may be energized during mating. The
design has been shown to be explosion-proof for up to 120 amperes. It
is also adaptable to multi-pin applications, coaxial configurations, and
special designs requiring use of the compensating fluid to provide
hydraulic disconnect capability for easy operation by manipulator.
Models of Class IIIC have been built to handle up to 10 MW through a
single pin, and similar versions are being installed on the DSRV and
TRIESTE II for use in the battery-power leads.

More details on IIIC connectors are available in CEL reports and
the patents referenced. The Class IIIC is the most versatile, most
capable wet connector design but is also, usually, the most expensive
and complicated. At present there have been no applications requiring
IIIC connectors in quantity; but, with the development of the CEL
coaxial connector, the Canadian telecommunications company, Teleglobe
Canada, is adapting them for use in cable repair. Exxon Production
Research has also developed a 35-kKV version for seafloor wellhead/
pumping station applications. Diver safety requirements are also
prompting use of this connector class in shallow underwater range
operations.
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Appendix B

CEL-3B MAJOR PARTS LIST AND MATERIALS

Note:
X-250-67&71.
No. in
Part No. Figure 4
X-250-13 1
X-250-9 2
X-250-19 3, 15
X-250-15 4
X-250-14 5
X-250-36 6
X-250-6 7, 21
X-250-8 8, 24
X-250-2 9
X-250-5 10
- 11
X-250-4 12
X~250-31 13
1-009- 14
0006-000
X-250-46 16
X-250-4 17
X-250-22 18

Name

Ring, contact

Screw
Center conductor

Couple, male

O-ring

Bellows, compensator
Shell, female

Shell, male

Latch

Sleeve, slider
Detent

Funnel

Conductor, inner male
Boot
Tubing shrink

Strain relief

Pin, spring center

Part numbers are referenced to fabrication drawings CELMARK

Material
Be-Cu 33-24 (plated w/
0.0002 minimum gold)
Brass, bright dip
Brass

Be-Cu 32-35 (plated w/ *
0.0002 minimum gold)

Buna "N"

Buna "N"

6 Al 4VTi

6 Al 4VTi

6 Al 4VTi

Acetal copolymer (Delrin)
6 Al 4VTi

Acetal copolymer (Delri)

Hard brass (0.0002
minimum gold)

Nitrile rubber

Raychem thermofit (WCSF-
250)

Acetal copolymer (Delrin)
Acetal copolymer (Delrin)

(continued)




Part No.

X~250-32

X-250-27
X-250-50

X-250-37

X-250~43

Figure 4
19

20
22

23
25
27

28

Name

Conductor, inner female

Seal ring
Spring, sleeve

Spring, latch
Detent cover plate
Stops

Fluid dielectric

Ball bearings

Material
Hard-drawn brass (0.00005%
winimum gold)
Cast acrylic

302 SS QQ-W-763
(passivate)

"Pure" titanium (Type 2)
6 Al 4VTi

Delrin

White mineral oil (USP)
Acetal copolymer (Delrin)
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NAVFACENGCOM - WEST DIV. Code 04B San Bruno, CA: 09P/20 San Bruno. CA; RDT&ELO Code 2011 Sun
Bruno, CA

NAVFACENGCOM CONTRACT Eng Div dir, Southwest Pac. Manila, Pl; OICC, Southwest Pac. Manila. Pl; ROICC
Off Point Mugu, CA

NAVHOSP L.T R. Elsbernd, Puerto Rico

NAVNUPWRU MUSE DET Code NPU-30 Port Hueneme, CA

NAVOCEANO Code 1600 Bay St. Louis, MS; Code 3432 (J. DePalma), Bay St. Louis MS

NAVOCEANSYSCEN Code 208 (McCartney) San Diego. CA; Caode 31 San Diego. CA; Code 41, San Diego. CA:
Code 4473 Bayside Library. San Diego, CA; Code 52 (H. Talkington) San Diego CA: Code 5204 (J. Stachiw). San
Diego, CA: Code 5214 (H. Wheeler). San Diego CA; Code 5221 (R.Jones) San Diego Ca: Code 5311 San Diego, CA:
Hawaii Lab (D Rosencrantz), Kailua, HI; Hawaii Lab (F Armogida) Kailua HI; Hawaii Lab (G. Wilkins) Kailua,
HI; Tech. Library, Code 447

NAVPGSCOL D. Leipper. Monterey CA; E. Thornton, Monterey CA; J. Garrison Monterey CA

NAVPHIBASE CO, ACB 2 Norfolk, VA; Code S3T. Norfolk VA; Harbor Clearance Unit Two. Little Creek, VA

NAVREGMEDCEN SCE (D. Kaye); SCE. Guam

NAVSCOLCECOFF (35 Port Hueneme, CA

NAVSEASYSCOM Code 00C-DG DiGeorge. Washington, DC; Code OOC (LT R. MacDougal), Washington DC: Code
0OOC-D, Washington, DC; Code PMS 395 A 3, Washington, DC: Code PMS 395 A2, Washington. DC; Code SEA
OOC Washington, DC

NAVSEC (J Reagan), Washington DC; Code 6034 (Library), Washington DC; Code 6156D, Washington, DC; Code
6157D, Washington, DC

NAVSECGRUACT PWO, Adak AK

NAVSHIPYD; Code 202.4, Long Beach CA; Code 202.5 (L.ibrary) Puget Sound. Bremerton WA Code 280 (B Strobel)
Vallejo, CA; Code 280, Mare Is., Vallejo, CA; Code 400, Puget Sound; Code 440 Portsmouth NH: Code 440, Puget
Sound, Bremerton WA; L.D. Vivian: Tech Library, Vallejo, CA

NAVSTA CO Roosevelt Roads P.R. Puerto Rico; Maint. Cont. Div., Guantanamo Bay Cuba: PWD (LTJG.P.M.
Motolenich), Puerto Rico; PWO, Mayport FL; Utilities Engr Off. (A.S. Ritchie), Rota Spain

NAVSUPPACT Code 413, Seattle WA; LTIG McGarrah, SEC, Vallejo, CA

NAVSURFWPNCEN PWO, White Oak, Silver Spring, MD

NAVTECHTRACEN SCE, Pensacola FL

NAVWPNCEN Code 2636 (W. Bonner), China Lake CA

NAVWPNSTA PW Office (Code 09C1) Yorktown, VA

NAVWPNSTA PWO, Seal Beach CA

NAVWPNSUPPCEN Code 09 Crane IN

NCBC CEL AOIC Port Hueneme CA; Code 10 Davisville, RI; Code 156, Port Hueneme, CA

NOAA Library Rockville, MD

NORDA Code 410 Bay St. Louis, MS; Code 440 (Ocean Rsch Off) Bay St. Louis MS; Code 500, Bay St. Louis, MS

NRL Code 8400 Washington, DC; Code 8441 (R.A. Skop), Washington DC; Rosenthal, Code 8440, Wash. DC; UW
Sound Ref Div (R Timme) Orlando, FL

NSD SCE, Subic Bay, R.P.

NUCLEAR REGULATORY COMMISSION T.C. Johnson, Washington, DC

NUSC Code 131 New London, CT; Code EA123 (R.S. Munn), New London CT; Code $332, B-80 (J. Wilcox); Code
SB 331 (Brown), Newport RI; Code TA131 (G. De la Cruz), New London CT

OCEANAY Mangmt Info Div., Arlington VA

OCEANSYSLANT LT A.R. Giancola, Norfolk VA

ONR (Dr. E.A. Silva) Arlington, VA; BROFF, CO Boston MA; Code 221, Arlington VA; Code 481, Arlington VA;
Code 481, Bay St. Louis, MS; Code 700F Arlington VA; Dr. A. Laufer, Pasadena CA

PHIBCB 1 P&E, Coronado, CA

PMTC Code 3144, Point Mugu, CA; EOD Mobile Unit, Point Mugu, CA; Pat. Counsel, Point Mugu CA; Range
Directorate; Code 3143 (B Polley) Point Mugu, CA
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PWC CO Norfolk, VA CO. Great Lakes IL: CO. Qukland CA; Code 120C. tLibrary ) Sae Diego, CAL Code 22001,
Norfolk VA: Code 30C. San Diego, CA: Code 400, Pearl Harbor, HI. Code 400, San Drego. CA: Code 700, San
Diego. CA

UCT TWO OIC, Norfolk, VA OIC, Port Hueneme CA

U.S. MERCHANT MARINE ACADEMY Kings Point. NY (Reprint Custodiany

US DEPT OF INTERIOR Bureau of Land MNGMNT - Code 733 (T.E. Sullivan) Wash, DC

US GEOLOGICAL SURVEY Off. Marine Geology. Piteleki. Resion VA

US NATIONAL MARINE FISHERIES SERVICE Highlands NY (Sandy Hook Lab-Library)

USCG (G-ECV) Washington Dc; (G-ECV/61) (Burkhart) Washington. DC; (G-MP-3USP/82) Washington IX:
G-EOE-4/61 (T. Dowd). Washington DC

USCG R&D CENTER CO Groton, CT; D. Motherway. Groton CT; Tech. Dir. Groton, (1

USDA Forest Service. San Dimas, CA

USNA Ch. Mech. Engr. Dept Annapolis MD; Dir of Ocean Engineering Annapolis, MD: Ocean Sys. Eng Dept (Dr.
Monney) Annapolis. MD: Oceanography Dept (Hoffman) Annapolis MD: PW D Engr. Div. (C. Bradford) Arnapohs
MD

AMERICAN CONCRETE INSTITUTE Detroit MI (Library)

CALIF. DEPT OF FISH & GAME Long Beach CA (Marine Tech Info Cir)

CALIF. MARITIME ACADEMY Vallejo. CA (Library)

CALIFORNIA STATE UNIVERSITY LONG BEACH. CA (CHELAPATI). LONG BEACH, CA(YEN): LOS
ANGELES., CA (KIM)

CATHOLIC UN1V. Mech Engr Dept. Prof. Niedzwecki. Wush., DC

DAMES & MOORE LIBRARY LOS ANGELES, CA

DUKE UNIV MEDICAL CENTER B. Muga, Durham NC

FLORIDA ATLANTIC UNIVERSITY BOCA RATON. FL (MC ALLISTER). Boca Raton FL (Ocean Engr Dept.. C.
Lin)

FLORIDA ATLANTIC UNIVERSITY Boca Raton FL (W. Tessin)

FLORIDA ATLANTIC UNIVERSITY W. Hart1, Boca Raton FL.

GEORGIA INSTITUTE OF TECHNOLOGY Atlanta GA (School of Civil Engr.. Kahn); Atlanta GA (B. Mazanti)

INSTITUTE OF MARINE SCIENCES Morehead City NC (Director)

IOWA STATE UNIVERSITY Ames IA (CE Dept, Handy)

LEHIGH UNIVERSITY BETHLEHEM, PA (MARINE GEOTECHNICAL LAB.. RICHARDS): Bethlechem PA
(Fritz Engr. Lab No. 13, Beedle): Bethlehem PA (Linderman Lib. No.30, Flecksteiner)

LIBRARY OF CONGRESS WASHINGTON, DC (SCIENCES & TECH DIV)

MAINE MARITIME ACADEMY CASTINE. ME (LIBRARY)

MICHIGAN TECHNOLOGICAL UNIVERSITY Houghton, MI (Haas)

MIT Cambridge MA; Cambridge MA (Rm 10-500, Tech. Reports, Engr. Lib.); Cambridge MA (Whitman)

NATL ACADEMY OF ENG. ALEXANDRIA. VA (SEARLE, JR))

NORTHWESTERN UNIV Z.P, Bazant Evanston IL

UNIV. NOTRE DAME Katona, Notre Dame, IN

OREGON STATE UNIVERSITY (CE Dept Grace) Corvallis. OR: CORVALLIS. OR (CE DEPT. BELLY. Corvalis
OR (School of Oceanography)

PENNSYLVANIA STATE UNIVERSITY STATE COLLEGE, PA (SNYDER); State College PA (Applied Rsch Lab);
UNIVERSITY PARK. PA (GOTOLSKI)

PURDUE UNIVERSITY Lafayette IN (Leonards); Lafayette, IN (Altschaeffl); Lafayette, IN (CE Engr. Lib)

SAN DIEGO STATE UNIV. L. Noorany San Diego, CA; Dr. Krishnamoorthy, San Diego CA

SCRIPPS INSTITUTE OF OCEANOGRAPHY LA JOLLA, CA{ADAMS)

SEATTLE U Prof Schwaegler Seattle WA

SOUTHWEST RSCH INST Briggs San Antonio, TX; King. San Antonio, TX; R. DeHart, San Antonio TX; Wolfe San
Antonio, TX

STANFORD UNIVERSITY Engr Lib, Stanford CA; STANFORD, CA (DOUGLAS)

TEXAS A&M UNIVERSITY College Station TX (CE Dept. Herbich); W.B. Ledbetter College Station, TX

UNIVERSITY OF CALIFORNIA BERKELEY, CA (CE DEPT, GERWICK): BERKELEY, CA (CE DEPT.
MITCHELL); Berkeley CA (B. Bresler). Berkeley CA (Dept of Naval Arch.); Berkeley CA (E. Pearson); DAVIS,
CA (CE DEPT, TAYLOR); La Jolla CA (Acq. Dept, Lib. C-075A); MPL (Gibson) San Diego, CA; SAN DIEGO,
CA, LAJOLLA, CA (SEROCKI)

UNIVERSITY OF DELAWARE Newark, DE (Dept of Civil Engineering, Chesson)

UNIVERSITY OF HAWAII HONOLULU, H! (SCIENCE AND TECH. DIV.); Honolulu HI (Dr. Szilard); Ocean
Engmng Dept
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UNIVERSITY OF ILLINOIS Metz Ref Rm, Urbana IL: URBANA. 1L (DAVISSON). CRBANA, L (LIBRARY):
URBANA., IL (NEWMARK)

UNIVERSITY OF MASSACHUSETTS (Heronemus). Amherst MA CE Dept

UNIVERSITY OF MICHIGAN Ann Arbor M (Richart)

UNIVERSITY OF NEBRASKA-LINCOLN Lincoin. NE tRoss Ice Shelf Proj.)

UNIVERSITY OF NEW HAMPSHIRE DURHAM, NH (LAVOIE)

UNIVERSITY OF PENNSYLVANIA PHILADELPHIA, PA (SCHOOL OF ENGR & APPLIED SCIENCE, ROLL)

UNIVERSITY OF RHODE ISLAND KINGSTON, RI (PAZIS); Narragansett Rl (Pell Marine Sci. Lib.)

UNIVERSITY OF SO. CALIFORN!A Univ So. Calif

UNIVERSITY OF TEXAS Inst. Marine Sci (Library). Port Arkansas TX

UNIVERSITY OF WASHINGTON Seattle WA (M. Sherif); Dept of Civil Engr (Dr. Mattock), Seattle WA
SEATTLE, WA (APPLIED PHYSICS LAB); SEATTLE, WA (OCEAN ENG RSCH LAB. GRAY): SEATTLE.
WA (PACIFIC MARINE ENVIRON. LAB.. HALPERN): Seattle WA (E. Linger)

UNIVERSITY OF WISCONSIN Milwaukee WI (Ctr of Great Lakes Studies)

AGBABIAN ASSOC. C. Bagge. El Segundo CA

ALFRED A. YEE & ASSOC. Honolulu Ht

AMETEK D Johnson. El Cajon. CA; Offshore Res. & Engr Div

AMSCO Dr. R. McCoy, Erie, PA

ARCAIR CO. D. Young, Lancaster OH

ARVID GRANT OLYMPIA, WA

AT&T Long Line Div (B Crice) Bedminster, NJ

ATLANTIC RICHFIELD CO. DALLAS, TX (SMITH)

AUSTRALIA Dept. PW (A. Hicks), Melbourne

BATTELLE-COLUMBUS LABS (D. Hackman) Columbus, OH

BECHTEL CORP. SAN FRANCISCO, CA (PHELPS)

BELGIUM HAECON, N.V_, Gent

BELL TELEPHONE LABS (T. Delchamps) Whippany, NJ

BETHLEHEM STEEL CO. Dismuke, Bethelehem, PA

BOUW KAMP INC Berkeley

BRAND INDUS SERV INC. J. Buehler, Hacienda Heights CA

BRITISH EMBASSY Sci. & Tech. Dept. (*. McAuley), Washington DC

BROWN & CALDWELL E M Saunders Walnut Creek, CA

BROWN & ROOT Houston TX (D. Ward)

BURTON ELECTRICAL (E. Beacham) El Segundo, CA

CANADA (P. Hurley) Teleglobe Montreal. Quebec; Can-Dive Services (English) North Vancouver; Library, Calgary.
Alberta; Lockheed Petro. Serv. Ltd, New Westminster B.C.; Lockheed Petrol. Srv. Lid., New Westminster BC:
Mem Univ Newfoundland (Chari). St Johns; Nova Scotia Rsch Found. Corp. Dartmouth, Nova Scotia; Surveyor,
Nenninger & Chenevert Inc.. Montreal; Trans-Mnt Oil Pipe Lone Corp. Vancouver, BC Canada

CELMARK ENGRNG INC. J. Shaeffer Chatsworth, CA; T. Glowasz Chatsworth, Inc.

CF BRAUN CO Du Bouchet. Murray Hill, NJ

CHEVRON OIL FIELD RESEARCH CO. LA HABRA, CA (BROOKS)

COLUMBIA GULF TRANSMISSION CO. HOUSTON, TX (ENG. LIB.)

CONCRETE TECHNOLOGY CORP. TACOMA, WA (ANDERSON)

DELCO-ELECTRONICS (C. Momsen) Goleta, CA

DILLINGHAM PRECAST F. McHale, Honolulu HI

DRAVO CORP Pittsburgh PA (Wright)

EVALUATION ASSOC. INC KING OF PRUSSIA, PA (FEDELE)

EXXON PRODUCTION RESEARCH CO Houston TX (A. Butler Jr): Houston, TX (Chao); Reed, Houston, TX

FRANCE Dr. Dutertre, Boulogne; L. Pliskin, Paris; P. Jensen, Boulogne; Roger LaCroix, Paris

GENERAL DYNAMICS R. Haworth Elec Boat Dy, Groton, CT

GOULD INC. Shady Side MD (Ches. Inst. Div., W. Paul)

GRUMMAN AEROSPACE CORP. Bethpage NY (Tech. Info. Ctr)

HYDRO PRODUCTS P. Downes, San Diego, CA

ITALY M. Caironi, Milan; Sergio Tattoni Milano

ITT CABLE-HYDROSPACE E. Nickrasz San Diego, CA

MAKAI OCEAN ENGRNG INC. Kailua, HI

NUSC Library, Newport, RI

LAMONT-DOHERTY GEOLOGICAL OBSERV. Palisades NY (McCoy); Palisades NY (Selwyn)
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LIN OFFSHORE ENGRG P. Chow, San Francisco CA

LOCKHEED MISSILES & SPACE CO. INC. B Mac Issac. Sunnyvale. CA; L. Trimble. Sunnyvale CA: Suanyvale
CA (Rynewicz). Sunnyvale. CA (K.L.. Krug); W. Saunders, Sunnyvale. CA

LOCKHEED OCEAN LLABORATORY Siun Diego CA (F. Simpson)

MARATHON OIL CO Houston TX

MARINE CONCRETE STRUCTURES INC. MEFAIRIE. LA (INGRAHAM)

MC CLELLAND ENGINEERS INC Houston TX (B. McClelland)

MEXICO R. Cardenas

MOBIL. PIPE LINE CO. DALLAS, TX MGR OF ENGR (NOACK)

NEWPORT NEWS SHIPBLDG & DRYDOCK CO. Newport News VA (Tech. Lib.)

NORWAY A. Torum. Trondheim: DET NORSKE VERITAS (Roren) Oslo; 1. Foss, Oslo: J. Creed. Ski: Norwegian
Tech Univ (Brandtzaeg). Trondheim

D.G. O'BRIAN INC. (E. Cope). Seabrook, NH

OCEAN ENGINEERS SAUSALITO. CA (RYNECKD)

OCEAN RESQURCE ENG. INC. HOUSTON, TX (ANDERSON)

PACIFIC MARINE TECHNOLOGY Long Beach, CA (Wagner)

PORTLAND CEMENT ASSOC. SKOKIE, 1L (CORLEY: SKOKIE, 11. (KLIEGER): Skokie IL (Rsch & Dev Lab.
Lib.)

PRESCON CORP TOWSON, MD (KELLER)

R J BROWN ASSOC (McKeehan). Houston, TX

RAND CORP. Santa Monica CA (A. Laupa)

RAYMOND INTERNATIONAL INC. E Cotle Soil Tech Dept, Pennsauken, NJ

RIVERSIDE CEMENT CO Riverside CA (W. Smith)

SANDIA LABORATORIES Library Div.. Livermore CA; Seabed Progress Div 4536 (D. Talbert) Albuguerque NM

SCHUPACK ASSOC SO. NORWALK, CT (SCHUPACK)

SEATECH CORP. MIAMI, FL (PERONI)

SHELL DEVELOPMENT CO. Houston TX (C. Sellars Jr.)

SHELL OIL CO. HOUSTON, TX (MARSHALL); Houston TX (R. de Castongrene)

SIMPLEX WIRE & CABLE CO J Mc Intyre Portsmouth, NH

SOUTH AMERICA N. Nouel, Valencia, Venezuela

SWEDEN GeoTech Iast; VBB (Library), Stockholm

TECHNICAL COATINGS CO Oakmont PA (Library)

TIDEWATER CONSTR. CO Norfolk VA (Fowler)

TRW SYSTEMS CLEVELAND, OH (ENG. LIB.); REDUNDO BEACH, CA (DAl)

UNITED KINGDOM Cement & Concrete Assoc Wexham Springs, Slough Bucks: Cement & Concrete Assoc.
(Library), Wexham Springs, Slough: Cement & Concrete Assoc. (Lit. Ex), Bucks: D. Lee, London: D. New, G.
Maunsell & Partners, London; J. Derrington, London; Library, Bristol; R. Browne, Southall, Middlesex; R.
Rudham Oxfordshire; Shaw & Hatton (F. Hansen), London; Taylor, Woodrow Constr (014P), Southall, Middlesex:
Taylor, Woodrow Constr (Stubbs), Southall, Middlesex; Univ. of Bristol (R. Morgan), Bristol

WESTERN ELECTRIC Clark, Winston Salem Inc.

WESTINGHOUSE (C Hikes) Annapolis, MD

WESTINGHOUSE ELECTRIC CORP. Annapolis MD (Oceanic Div Lib, Bryan)

WESTINTRUCORP Egerton, Oxnard, CA

WM CLAPP LABS - BATTELLE DUXBURY, MA (LIBRARY); Duxbury, MA (Richards)

WOODWARD-CLYDE CONSULTANTS PLYMOUTH MEETING PA (CROSS, III)

ADAMS, CAPT (RET) Irvine, CA

ANTON TEDESKO Bronxville NY

BRAHTZ La Jolla, CA

BULLOCK La Canada

F. HEUZE Boulder CO

LAYTON Redmond, WA

R.F. BESIER Old Saybrook CT

T.W. MERMEL Washington DC

WM TALBOT Orange CA
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